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ABSTRACT
The merger of binary neutron stars (NSs) ejects a small quantity of neutron rich matter,
the radioactive decay of which powers a day to week long thermal transient known as a kilo-
nova. Most of the ejecta remains sufficiently dense during its expansion that all neutrons are
captured into nuclei during the r-process. However, recent general relativistic merger simu-
lations by Bauswein and collaborators show that a small fraction of the ejected mass (a few
per cent, or ∼ 10−4M⊙) expands sufficiently rapidly for most neutrons to avoid capture. This
matter originates from the shock-heated interface between the merging NSs. Here we show
that the β-decay of these free neutrons in the outermost ejecta powers a ‘precursor’ to the main
kilonova emission, which peaks on a timescale of ∼ few hours following merger at U-band
magnitude ∼ 22 (for an assumed distance of 200 Mpc). The high luminosity and blue col-
ors of the neutron precursor render it a potentially important counterpart to the gravitational
wave source, that may encode valuable information on the properties of the merging binary
(e.g. NS-NS versus NS-black hole) and the NS equation of state. Future work is necessary to
assess the robustness of the fast moving ejecta and the survival of free neutrons in the face
of neutrino absorptions, although the precursor properties are robust to a moderate amount of
leptonization. Our results provide additional motivation for short latency gravitational wave
triggers and rapid follow-up searches with sensitive ground based telescopes.
Key words: gravitation−nuclear reactions, nucleosynthesis,
abundances−binaries:close−stars:neutron−supernovae:general
1 INTRODUCTION
The final inspiral of stellar binaries containing neutron stars
(NSs) and stellar mass black holes are the premier gravita-
tional wave (GW) sources for the interferometric detectors Ad-
vanced LIGO and Virgo (Abadie et al. 2010). A generic con-
sequence of the merger process appears to be the ejection of
neutron rich matter, either during the early, short-lived dynami-
cal phase (e.g. Goriely et al. 2011) or in delayed outflows from
the remnant accretion torus (e.g. Ferna´ndez & Metzger 2013;
Perego et al. 2014; Just et al. 2014). NS binary mergers thus rep-
resent promising astrophysical sites for creating the heaviest el-
ements in the universe via rapid neutron capture nucleosynthesis
(the r-process; e.g. Lattimer & Schramm 1974; Freiburghaus et al.
1999; Goriely et al. 2011; Rosswog et al. 2013).
The radioactive decay of unstable r-process nuclei provides
a continuous energy source that keeps the ejecta hot even as it
⋆ E-mail: bmetzger@phys.columbia.edu
loses thermal energy to adiabatic expansion. This powers a ther-
mal optical/infrared transient with a peak luminosity approximately
one thousand times brighter than a nova (a ‘kilonova’) lasting
for days to weeks after the merger (e.g. Li & Paczyn´ski 1998;
Metzger et al. 2010). Recent work suggests that matter contain-
ing even a small quantity of lanthanide or actinide elements pos-
sesses an opacity at optical frequencies that can exceed by or-
ders of magnitude that of normal supernovae (Kasen et al. 2013;
Barnes & Kasen 2013). The sensitive dependence of the opacity on
composition makes the light curves and colors of kilonovae sen-
sitive diagnostics of physical processes during the merger and its
aftermath (e.g. Metzger & Ferna´ndez 2014; Grossman et al. 2014).
Kilonovae also represent a promising electromagnetic coun-
terpart to the GW source (Metzger & Berger 2012). Detecting
such a counterpart would help identify the host galaxy of the
merger, as will be essential to characterize the demographics of
the merger population or to use them as cosmological probes
(e.g. Holz & Hughes 2005). Among the many challenges to pro-
posed GW-triggered follow-up programs are the faint luminosi-
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2ties of kilonovae and the poor sky localization provided by Ad-
vanced LIGO-Virgo (e.g. Kasliwal & Nissanke 2014; Singer et al.
2014). The high opacities of r-process nuclei also drive most of
the emission to near infrared wavelengths, beyond the range where
optical telescopes are most sensitive. The identification of poten-
tial sources of more luminous bluer emission, even if shorter in
duration, could greatly enhance the prospects for successful GW
follow-up.
In this paper we point out such an additional component of
the kilonova emission that peaks at very early times, just hours after
the merger, powered by the decay of free neutrons (Kulkarni 2005).
Most of the ejecta remains sufficiently dense as it expands that all
free neutrons are captured into nuclei during the r-process. Recent
NS-NS merger simulations indicate, however, that a few per cent
of the ejecta mass expands sufficiently rapidly that neutrons avoid
capture. Their subsequent β-decay in the outermost layers of the
ejecta powers a short-lived ‘precursor’ to the kilonova that may en-
code valuable information on the properties of the merging binary
and on the NS equation of state (EOS).
This Letter is organized as follows. In §2 we describe the con-
ditions for NS-NS mergers to produce a substantial abundance of
free neutrons in the outermost ejecta. In §3 we describe a simplified
one dimensional model for the free neutron precursor and present
example light curves. In §4 we discuss our results and their impli-
cations for follow-up observations of GW-detected mergers.
2 FREE NEUTRONS IN MERGER EJECTA
Neutrons are so abundant in the dynamical ejecta from NS merg-
ers that the nuclear flow is dominated by neutron captures and
β−decays along the neutron drip line. As heavy nuclei are synthe-
sized, however, fission processes prohibit the formation of super-
heavy nuclei and recycle the heavy matter into lighter fragments,
which then restart capturing free neutrons in a process known as
‘fission cycling’. Finally, when the neutron density decreases to
nn ∼ 1020 cm−3, the timescale for neutron capture by the most
abundant nuclei with closed-shell number N = 126 and 184 ex-
ceed a few seconds, after which time the nuclear flow is dominated
by β−decays back to stability.
Most of the ejecta expands to low densities over a characteris-
tic timescale τexp ∼ 10 − 100 ms, where τexp is defined (somewhat
arbitrarily) as the interval over which the density decreases below
4 × 105 g cm−3. This relatively slow expansion results in a suffi-
ciently high density that essentially all neutrons are captured into
heavy nuclei, on a characteristic timescale of a second.
Goriely et al. (2014) and Just et al. (2014) recently discov-
ered, however, that a small fraction of the ejecta in the merger
simulations of Bauswein et al. (2013) expands sufficiently rapidly
(τexp ∼< 5 ms) for most neutrons to avoid being captured into nuclei,
instead remaining asymptotically free. This calculation was per-
formed by using a nuclear reaction network to post-process SPH
trajectories extracted from the 1.35-1.35M⊙ NS binary merger sim-
ulation of Bauswein et al. (2013) that employed the DD2 equa-
tion of state (Typel et al. 2010; Hempel & Schaffner-Bielich 2010).
This fastest expanding matter originates from the shock-heated in-
terface between the NSs, a component of the ejecta seen previously
in other general relativistic (GR) simulations (e.g. Oechslin et al.
2007; Goriely et al. 2011; Hotokezaka et al. 2013). Figure 1 (top
panel) shows the mass distribution of the neutron mass fraction Xn
at t = 20 s post merger, a time after the freeze-out of neutron cap-
tures but prior to the free neutron decay. The bottom panel shows
the velocity distribution of the ejecta (white), with those fluid ele-
ments rich in free neutrons (Xn > 0.1) shown in blue.
As mentioned above, given the relevant neutron capture cross
sections, the requirement to retain a high mass fraction of free neu-
trons Xn ∼ 1 is that the neutron density nn decrease below 1020 cm−3
(ρ ∼ 10−4 g cm−3) on a timescale shorter than a few seconds. If the
ejecta were to expand homologously (ρ ∝ t−3) after a timescale
∼
>
few τexp from its initial density ∼ 1012 g cm−3, then this condition
translates into the density obeying ρ
∼
< 105(τexp/ms)−3 g cm−3 at
the onset of homology. This roughly motivates why the condition
τexp ∼< few ms distinguishes those fluid elements with a high final
neutron mass fraction. Homogolous expansion is not achieved until
a much later time ∼ 10−100 s for the bulk of the ejecta with veloc-
ity v ∼ 0.1−0.2 c, due to the fact that the ongoing energy input from
radioactive decay (∼ few MeV nucleon−1) is comparable to the ki-
netic energy of the ejecta ∼ mpv2/2 ∼ 4.7(v/0.1c)2 MeV nucleon−1
(e.g., Rosswog et al. 2014). However, radioactive energy input is
relatively less important for the fastest ejecta (v
∼
> 0.5 c), suggest-
ing that homologous expansion may be achieved more rapidly.
Though constituting only a few per cent of the dynamical
ejecta by mass (mn ∼ 10−4 M⊙) these fast expanding neutrons nev-
ertheless have a dramatic impact on the kilonova emission be-
cause they reside in the outermost layers of the ejecta (Fig. 2).
The timescale for photon diffusion to this mass depth ∼ few hours
(eq. [11]) is sufficiently short compared to the free neutron half-life
of 10 minutes, that a substantial fraction of the energy released by
neutron decay escapes as radiation.
Using 340,000 SPH particles to resolve the binary in this sim-
ulation, 106 SPH particles are found to be ejected with an expan-
sion timescale sufficiently short that a substantial fraction of neu-
trons are not captured. Very rapidly expanding fluid elements found
in GR SPH simulations could in principle be numerical artifacts
resulting from too few SPH particles; however, the smooth distri-
butions of expansion timescale (Fig. 4 of Just et al. 2014) and the
ejecta velocity (Fig. 1) argue against this possibility. We note that
Hotokezaka et al. (2013) have reported a head speed of the expand-
ing ejecta of up to ≈ 0.8 c, which is in good agreement with the
distribution shown in Fig. 1 (bottom panel). Currently, it is unclear
if similar trajectories occur in grid-based simulations and whether
such calculations are able to resolve them if present. Their absence
in Newtonian SPH simulations might also be expected, because the
strength of outflows from the merger interface region results in part
from the deeper GR potential well. Assuming the hydrodynamics
is robust, the density profiles of fluid elements must be extrapolated
to later times than the simulation duration of tens of milliseconds in
order to follow the effects of neutron captures (Goriely et al. 2011),
a procedure upon which the final neutron fraction could be sensi-
tive.
The other merger simulations presented in Bauswein et al.
(2013) show similar populations of rapidly expanding SPH par-
ticles, based on the same expansion timescale criterion τexp ∼< 5
ms found to result in free neutrons in the case described above.
Asymmetric binaries appear to produce a greater quantity of fast
expanding material; a 1.2−1.5M⊙ merger employing the DD2 EOS
contains ∼ 2.6 times as many particles satisfying τexp < 5 ms as the
1.35−1.35M⊙ case. The quantity of fast-expanding fluid could also
depend on the equation of state (EOS), because a softer EOS with
a correspondingly smaller NS radius also produces stronger shock-
heated outflows. Simulations employing the very stiff NL3 EOS
indeed produce only ∼ 1/3 as many fast-expanding particles, while
the softer SFHO EOS produces approximately the same number.
Post-processing of the trajectories with a reaction network finds a
free neutron mass ranging from 0.6 to 5 per cent of the total ejecta
mass for 13 different models. Given the small numbers of SPH par-
c© 2014 RAS, MNRAS 000, 1–??
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Figure 1. Top Panel: Mass distribution of free neutron mass fraction Xn of
unbound fluid elements at t = 20 s post merger, calculated in Goriely et al.
(2014) and Just et al. (2014) based on the 1.35-1.35 M⊙ NS-NS merger sim-
ulation of Bauswein et al. (2013) employing the DD2 EOS. The total free
neutron mass ≈ 7.6×10−5M⊙ represents 2.5 per cent of the total ejecta mass
∼ 3×10−3M⊙ . The histogram does not show the remaining 97.5 per cent of
the ejecta for which the neutrons are entirely captured into nuclei (Xn ∼ 0).
Bottom Panel: Velocity distribution of the ejecta for the same simulation
at t ≈ 10 ms. White bars mark the total mass distribution, while blue bars
mark just the matter that ends up rich in free neutrons (Xn > 0.1).
ticles involved (∼ 100), these trends should be taken as only sug-
gestive at this stage.
2.1 Shock Break-Out from Neutron Star Collisions
Even if free neutrons are not abundant in the ejecta from stan-
dard binary NS mergers, other related physical scenarios could
produce a small quantity of rapidly expanding ejecta. Alterna-
tively, such matter could be present even in standard NS merg-
ers even if it is not well resolved by current simulations. One
example is shock break-out following the collision in a stan-
dard NS-NS merger (Sekiguchi et al. 2011; Paschalidis et al. 2012;
Kyutoku et al. 2014) or as would be produced by the head-on col-
lision of two NSs. The latter could be physically realized if the
binary eccentricity is stochastically raised due to Kozai oscillations
by a tertiary companion (e.g. Katz & Dong 2012).
Two NSs that collide head-on at their escape velocity will dis-
sipate an energy of Ecoll ≈ GM2ns/2Rns ≈ 3 × 1053 ergs, where
~hours
~days
mostly free n'smn
Figure 2. Schematic illustration of the ejecta from a binary NS merger lead-
ing to a neutron-powered precursor. Matter ejected from the shock-heated
interface between the merging NSs expands outwards with a range of ve-
locities v(m) ∝ m−β (eq. [4]; Fig. 1) where β ≈ 3. A small quantity of
mass ejected first (mass coordinate m < mn ∼ 10−4M⊙; blue) expands suf-
ficiently rapidly that neutrons avoid capture into nuclei, while for the bulk
of the ejecta (m > mn; maroon) neutrons are captured into nuclei during the
r-process. Energy released by the decay of free neutrons escapes the outer
layers over a short timescale t
∼
< hours, powering the precursor emission,
which is relatively blue due to the high photosphere temperatures. Radioac-
tive energy released by r-process nuclei throughout the bulk of the ejecta
(including that ejected by tidal tails and disk winds) escapes over a longer
timescale ∼ days, with redder colors.
Mns ∼ 1.4M⊙ and Rns ≈ 10 km are the NS masses and radii, re-
spectively. The collision drives dual shocks outwards through each
NS (e.g. Rosswog et al. 2009) which as they approach the surface
are accelerated to relativistic velocities by the decreasing density
profile ρ(r) ∝ (Rns − r)n (Johnson & McKee 1971), where n = 3.
According to the formalism outlined by Nakar & Sari (2011; their
Sect. 2.1 and eqs. [26]), each shell of mass m = 10−4m−4 M⊙ will be
accelerated to a four velocity
βγ = 0.93m−0.17−4 E0.6253 , (1)
where γ = (1 − β−2)−1/2 and E = Ecoll/2 = 1053E53 erg is the total
energy of each shock.
Shock break-out thus naturally accelerates a small layer of
mass m
∼
< 10−4 M⊙ to mildly relativistic speeds, as pointed out by
Kyutoku et al. (2014). If the thickness of the accelerated layer is
comparable to the NS crust, ∆R ≈ km, then its initial expansion
time τexp ≈ ∆R/7c ≈ 5 × 10−7 s is indeed quite short. Matter orig-
inating from the inner NS crust starts highly neutron rich (electron
fraction Ye ∼< 0.1), but weak interactions such as neutrino absorp-
tions and e± captures could in principle raise Ye substantially. If the
density of the shell following shock compression is 7 times higher
than its initial value ρ ≈ m/4πR2ns∆R, then its post shock tempera-
ture is given by
(4π/7)R2ns∆RaT 4 = mc2 → kT ≈ 52m1/4−4 MeV (2)
The characteristic timescale for e± captures,
τ± ≃ 2.1(T/MeV)−5 s ≈ 10−8m−5/4−4 s (3)
is thus shorter than the expansion timescale for m
∼
> 10−5 M⊙. If
matter enters equilibrium with e± captures, then from Fig. 1 of
c© 2014 RAS, MNRAS 000, 1–??
4Beloborodov (2003) we estimate that Ye could be raised to ∼ 0.3
or above given the temperatures and densities corresponding to
m ≈ 10−4 M⊙.
A more detailed calculation of shock break-out, including both
weak interactions and radiative losses, is necessarily to fully assess
the properties of fast expanding, neutron-rich matter. Such a cal-
culation would also serve as a useful check on how the results of
numerical simulations such as those presented in Figure 1 could be
impacted by resolution of the neglect of weak interactions in the
expanding matter.
3 LIGHT CURVE MODEL
As matter expands, its optical depth decreases. The ejected mass
has a gradient of velocities. Following Piran et al. (2013), we de-
note m(v) as the mass with asymptotic velocity > v, which we pa-
rameterize as a single power law
m(v) = m¯
(
v
v¯
)−β
, v > v¯, (4)
where v¯ = 0.15 c, β = 3, and m¯ = 3 × 10−3 M⊙ (total ejecta mass)
represent typical numbers for the dynamical ejecta from NS binary
mergers.
The specific thermal energy e(m) of each mass shell [m,m +
dm] evolves with time t since the merger according to
de
dt = −
e
t
+ e˙ − e˙rad, (5)
where the first term accounts for energy loss via PdV work under
radiation-dominated conditions. The second term e˙ = e˙n + e˙r is
the specific radioactive heating rate, where e˙n = 3.2 × 1014Xn(m, t)
erg s−1 g−1 is the heating rate from the beta-decay of free neu-
trons (Kulkarni 2005), where Xn(m, t) = Xn,0(m) exp [−t/τn] (where
τn ≈ 900 s is the neutron decay timescale), and e˙r is the heat-
ing rate from decaying r-process nuclei (β-decays and fission;
e.g. Metzger et al. 2010), which we model using the parameteri-
zation of Grossman et al. (2014):
e˙r = 2 × 1018(1 − Xn,0)
{
0.5 − π−1 arctan [(t − t0)/σ]
}
erg s−1 g−1,
(6)
where t0 = 1.3 s and σ = 0.11 s. The initial free neutron mass
fraction Xn,0 is assumed to vary with depth according to
Xn,0 = (1 − 2Ye)(2/π) arctan [mn/m] , (7)
where Ye is the electron fraction of the fastest ejecta. This simple
functional form accounts in a crude way for our expectation that
at shallow depths m ≪ mn (small τexp) the ejecta contains mostly
free neutrons, while at high depths m ≫ mn (large τexp) all free
neutrons are captured into nuclei. A transition mass mn ∼ 10−4 M⊙
is expected based on the fraction ∼ few per cent of the dynami-
cal ejecta that expands sufficiently rapidly to avoid neutron cap-
ture (Fig. 1). Remaining mass not in protons or neutrons is as-
sumed to be r-process nuclei, with a (temporally fixed) mass frac-
tion Xr(m) = 1 − Xn,0. The last term in equation (5),
e˙rad(m) = e(td + tcr) , (8)
accounts for radiative losses, where
td =
3mκ
4πβvct
(9)
is the effective diffusion timescale, which is calculated in the op-
tically thick limit from the diffusion equation for the energy flux
F = me˙rad/4πr2 = (c/3κρ)∂[eρ]/∂r ≈ ceβ/3κr, where the ra-
dial gradient ∂r = vt/β is approximated from the velocity gradi-
ent (eq. [4]). The term tcr = R/c = t(c/v) limits the energy loss
timescale to the light crossing time when td ≪ tcr.
The opacity κ(m, t) = κes + κr is composed of the Thomson
scattering opacity κes = (σT /mp)(1− Xn(m, t)− Xr) of the electrons
paired with the protons produced by neutron decay and the opac-
ity of the r-process nuclei κr. The latter is dominated by line tran-
sitions of actinide and lanthanide elements and is approximately
independent of the r-process mass fraction Xr (Kasen et al. 2013).
Although the r-process line opacity will in general be frequency-
dependent and will change with temperature and ionization state of
the ejecta, we approximate it using a temperature-independent grey
opacity κr ≈ 3 − 30 cm−2. The highest value we consider, κr = 30
cm2 g−1, is close to the mean opacity predicted by extrapolating
the results of Kasen et al. (2013) (their Fig. 10) to the higher inte-
rior temperatures few ×104 K relevant to the peak of the precursor
emission. However, a lower opacity κr = 3 cm2 g−1 may be jus-
tified if weak interactions increase Ye sufficiently that the nuclear
flow does not get past the N = 126 closed shell, as is necessary to
reach the lanthanides. Each d-shell species contributes an opacity
around 0.1 cm2 g−1 and since lanthanide-free matter is a mixture of
∼ 30 d-shell elements, this results in a total opacity ≈ 3 cm2 g−1.
Assuming blackbody radiation, the temperature of the thermal
emission is given by Teff ≈ (Ltot/4πσR2ph)1/4, where Ltot =
∫
e˙raddm
is the total luminosity (summing eq. [8] over all mass shells). The
radius of the photosphere Rph at each time is approximated as the
radius R = v(mph)t of the mass shell mph for which the optical depth
equals unity. The flux at frequency ν and distance D is given by
Fν(t) ≃ 2πhν
3
c2
1
ehν/kTeff − 1
R2ph
D2
, (10)
Note that each shell provides its maximum contribution to the light
curve at the timescale defined by the condition t = td (eq. [9]),
td,m =
(
3mκ
4πβvc
)1/2
≈ 3 hr
(
m
10−4 M⊙
)1/2 (
κ
10 cm2 g−1
)1/2 (
v
0.5 c
)−1/2
.
(11)
3.1 Results
Figure 3 (top panel) shows the multi-band light curve for our fidu-
cial case corresponding to a neutron mass cut mn = 10−4 M⊙, opac-
ity κr = 30 cm2 g−1, electron fraction Ye = 0.05, and an assumed
distance D = 200 Mpc corresponding to the expected range of
Advanced LIGO/Virgo for NS-NS mergers (Abadie et al. 2010).
Dashed lines show for comparison the light curves for the equiv-
alent case with heating from neutron decay set to zero. The contri-
bution of neutron heating to the light curve is apparent as an excess
at times
∼
< few hours, which is most prevalent at U band due to the
high photospheric temperature T ∼ 104 K. The bottom panel of
Figure 3 shows the time evolution of the bolometric luminosity Ltot
and the properties of the photosphere (radius, mass coordinate, and
temperature). The bolometric luminosity peaks at
∼
< 1042 erg s−1 on
a timescale ≈ 0.5 hr, radiated a total energy ≈ 2 × 1045 ergs that is
only a few per cent of the total energy from the decaying neutrons,
mn
∫
e˙ndt ≈ 6 × 1046(mn/10−4 M⊙) ergs.
Shown for comparison is the approximate sensitivity depth for
the Zwicky Transient Facility (ZTF) and the BlackGEM array1. We
have assumed that ZTF can reach a depth g = 22.2 for a 600 s in-
tegration over its 47 deg2 FoV (Kasliwal & Nissanke 2014), such
1 https://www.astro.ru.nl/wiki/research/blackgemarray
c© 2014 RAS, MNRAS 000, 1–??
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Figure 3. Top Panel: Kilonova light curves, including the free neutron pre-
cursor, calculated for an assumed mass cut mn = 10−4M⊙ separating the
ejected dominated by free neutrons and r-process nuclei. AB magnitudes
at U, G, and I bands are shown as a function of time after the merger for
an assumed distance of 200 Mpc equal to the detection range of Advanced
LIGO/Virgo for NS-NS mergers. Solid lines show a model including the
radioactive heating from free neutrons, while dashed lines show a case with
neutron heating artificially set to zero. Approximate sensitivity of the ZTF
and BlackGEM telescope arrays are shown as a solid black line (see text).
Bottom Panel: Bolometric luminosity Ltot and the mass mph, radius Rph, and
temperature Tph of the photosphere, for the solution shown above.
that a LIGO/Virgo error region ≈ 100 deg2 could be covered with
2 pointings, which for a half hour integration each could achieve a
sensitivity of g ≈ 23 over a total time of ∼ 1 hour. The BlackGEM
array is more sensitive than ZTF (magnitude 23 for a 5 minute in-
tegration) but its smaller field of view results in a similar effective
depth. Flux sensitivity grows in time as ∝ t1/2, starting from the
delay between the merger and the GW trigger, which we assume to
be 15 minutes (Cannon et al. 2012).
Figure 4 shows a light curve similar to the fiducial case, but
calculated assuming a lower mass cut mn = 3× 10−5 M⊙. The lower
mass cut reduces the U-band peak by ≈ 0.5 mag. The peak bright-
ness does not depend on mn as sensitively as would be naively ex-
pected based on the factor of 3 fewer neutrons. This is because the
outermost mass shells contribute a disproportionately large fraction
of the early emission because they become transparent at an earlier
time td,m ∝ m1/2 (eq. [11]), resulting in a smaller fraction of the
available energy from neutron decay ∝ m being lost to PdV work.
Figure 5 shows a case calculated for a lower opacity and higher
electron fraction Ye = 0.2, as would be appropriate if weak inter-
Figure 4. Same as top panel of Figure 3, but calculated assuming a lower
free neutron mass cut mn = 3 × 10−5 M⊙.
Figure 5. Same as top panel of Figure 3, but calculated assuming a higher
electron Ye = 0.2 and (assuming lanthanides are not synthesized) a lower
opacity κr = 3 cm2 g−1.
actions increase the ejecta Ye sufficiently to avoid the production of
lanthanide/actinide elements. The peak brightness is comparable to
the fiducial case because the lower free neutron mass ∝ 1 − 2Ye is
compensated by the lower opacity.
An early blue/visual bump thus appears to be a generic con-
sequence of the fastest expanding ejecta being dominated by free
neutrons. We caveat that the specific color evolution will depend
more sensitively on our assumption of a grey opacity.
4 DISCUSSION
Kulkarni (2005) first pointed out the potential importance that the
energy released by decaying neutrons could have on the optical sig-
natures of NS-NS mergers. However, the vast majority of the ejecta
remains sufficiently dense over the ensuing seconds that almost all
neutrons are captured into heavy nuclei as a part of the r-process.
A possible exception emphasized here is the fast expanding matter
ejected during the earliest phases of the merger from the interface
between the surfaces of the merging NSs (Just et al. 2014). This
matter achieves low densities sufficiently rapidly to freeze-out a
c© 2014 RAS, MNRAS 000, 1–??
6large abundance of neutrons Xn ∼ 1 below a characteristic mass cut
of mn ∼ 10−4 M⊙ (Goriely et al. 2014).
Here we have shown even a small layer of free neutrons
in the outermost ejecta can dramatically alter the early kilonova
light curves. This results primarily from the relatively long decay
timescale of free neutrons as compared to the majority of the r-
process nuclei, and the large quantity of energy released per de-
cay. The signature of free neutron decay is a blue/visual bump that
peaks at a luminosity Ltot ∼ few 1041 erg s−1 on a timescale of ∼< few
hours post merger, corresponding to a peak U-band magnitude ∼ 22
at 200 Mpc. Our work strongly motivates ongoing efforts to re-
duce the latency time of gravitational wave detectors (Cannon et al.
2012) and to develop rapid follow-up observing strategies with sen-
sitive ground-based optical telescopes (e.g. Aasi et al. 2014).
The neutron precursor is important for several reasons. First,
although the bulk of the radioactive energy comes out at later times
from decaying r-process elements, the opacity of r-process matter
is much higher than in normal supernovae (Kasen et al. 2013). The
resulting low photospheric temperature at late times produces emis-
sion that peaks in the far infrared (Barnes & Kasen 2013; although,
see Metzger & Ferna´ndez 2014) where follow-up telescopes are
less sensitive. By contrast, despite a similarly high opacity, the
much higher photosphere temperatures of the precursor emission
place the spectral peak squarely in the optical/ultraviolet range.
Precursor emission could also provide a pristine probe of the
fastest ejecta originating from the earliest stages of the merger. Out-
flows from the merger interface which produce the fast expanding
ejecta may be a common feature of all NS-NS mergers, but the
quantity and electron fraction of this matter could depend sensi-
tively on the NS EOS and the binary mass ratio. For this reason
the precursor could in principle be used to constrain these physical
properties. To the extent that the ejecta from black hole-NS merg-
ers instead originates from the more slowly-expanding tidal tails,
the presence or absence of the precursor could also help distinguish
NS-BH from NS-NS mergers independent of the GW signal.
Much additional work is necessary to confirm the predictions
of the toy model presented here. First, the robustness of the con-
clusion that free neutrons can escape the post merger environment
should be explored using a wider range of numerical simulations
and means for extrapolating the test particle trajectories to low
densities. The potential effects of weak interactions on the ejecta
electron fraction must also be explored using merger calculations
that include self-consistent neutrino transport, although preliminary
work in this direction by Wanajo et al. (2014) finds that the outer-
most ejecta has Ye increased to only ∼ 0.1 − 0.2. The r-process
line opacities should also be included in a more consistent way, ac-
counting for their frequency and temperature dependence, the latter
of which could vary significantly from the conditions experienced
during the main kilonova phase at later times. Finally, although
we expect the ejecta to be relatively spherical on large scales, its
true geometry is more complex than captured by a one dimensional
model, motivating future multi-dimensional transport calculations.
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